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INE-1 (L1) elements are endogenous retrotransposons active in mammalian genomes. The L1 RNA is bicistronic, encoding two non-overlapping open reading frames, ORF1 and ORF2, whose protein products (ORF1p and ORF2p) bind the L1 RNA to form a ribonucleoprotein (RNP) complex that is presumed to be a critical retrotransposition intermediate. However, ORF2p is expressed at a significantly lower level than ORF1p; these differences are thought to be controlled at the level of translation, due to a low frequency ribosome reinitiation mechanism controlling ORF2 expression. As a result, while ORF1p is readily detectable, ORF2p has previously been very challenging to detect in vitro and in vivo. To address this, we recently tested several epitope tags fused to the N-or C-termini of the ORF proteins in an effort to enable robust detection and affinity purification from native (L1RP) and synthetic (ORFeus-Hs) L1 constructs. An analysis of tagged RNPs from both L1RP and ORFeus-Hs showed similar host-cell-derived protein interactors. Our observations also revealed that the tag sequences affected the retrotransposition competency of native and synthetic L1s differently although they encode identical ORF proteins. Unexpectedly, we observed apparently stochastic expression of ORF2p within seemingly homogenous L1-expressing cell populations.
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Interspersed Element-1s (LINE-1s or L1s) are the only active endogenous autonomous transposons in the human genome. 1 Though most copies are inactive due to truncation, there are ~80-100 retrotransposition-competent L1s in any individual's diploid genome. 2 L1 genomic sequences are ~6 kb in length. The promoter region driving transcription of these elements is internal and encodes the 5′ UTR in the resulting bicistronic L1 RNA, which contains two non-overlapping open reading frames (ORF1 and ORF2). 3 ORF1p is a ~40 kDa polypeptide that assembles as a homotrimeric protein and functions as a nucleic acid chaperone. 4, 5 ORF2p is a ~150 kDa multidomain protein with endonuclease 6 and reverse transcriptase functions, 7 as well as a cysteine rich domain with unknown function. 8 A ribonucleoprotein (RNP) complex comprised of the L1 RNA and both ORF proteins is believed to form in the cytoplasm. 9, 10 Upon subsequent translocation of the RNP to the nucleus, it may generate a new chromosomal insertion via a target primed reverse transcription mechanism (TPRT). 11, 12 Both ORF proteins are required for successful RNP formation and retrotransposition in a cell culture based assay. 13 However, the precise details of particle assembly and the timing and mechanisms of L1 molecular physiology have remained elusive. Hence, it has been of great interest to monitor both ORF proteins throughout the L1 life cycle. Because of its relatively high abundance, ORF1p (endogenous and overexpressed) from both human and mouse L1s have been readily detected by western blot and immunostaining using anti-ORF1p antibodies. [14] [15] [16] [17] [18] ORF1p has also been successfully epitope tagged with Expression and detection of LINE-1 ORF-encoded proteins Lixin Dai, 1 John LaCava, 2 Martin S Taylor, 3 and Jef D Boeke 4, e.g., T7 and FLAG tags. 10, 19 On the other hand, detecting ORF2p has constituted a major challenge. Previously antibodies targeted to EN and C domains were shown to be able to detect ORF2p from human and rat L1s by western blot, albeit with low signal strength. 16, [20] [21] [22] Short epitope tags have been less efficacious, although two longer C-terminal tags (GST and TAP) have been used to successfully detect ORF2p by western blot. 11, 20 Recently we exploited a 3xFlag epitope tag with a long linker sequence at the C-terminus of ORF2p and were successful in readily detecting ORF2p. 23 An obvious potential cause for ORF2p's recalcitrance to detection is its low expression level from native L1 RNA sequences. Endogenous L1 genes have high adenosine content (up to 40%) and as a result, can suffer from a transcription elongation defect. 24 Moreover, ORF2p is believed to be translated by an unconventional mechanism at ~one molecule per RNA. 23, 25 Our group has synthesized two synthetic L1 elements (ORFeus-Mm and ORFeus-Hs) by codon optimizing L1s from mouse and human respectively. 17, 26 These two elements have provided significantly enhanced levels of RNA transcription and ORF protein expression, and now serve as useful tools for the study of L1 molecular biology.
Translation of L1 ORFs
The two non-overlapping open reading frames comprising the L1 bicistron are separated by a 63 bp inter-ORF sequence. In contrast to viruses that translate their genes as a polyprotein or via translational frame shift, 27 ORF1p and ORF2p are believed to be translated sequentially through an unconventional mechanism. 25 It has been reported that there are internal ribosome entry sites (IRES) upstream of each mouse LINE-1 ORF, implying that they may be translated via an IRESmediated translation initiation mechanism. 28 But recoded ORFeus-Mm, which lacks these IRES sequences, transposes at a much higher rate than endogenous mouse L1, suggesting that IRES-mediated translation is not the major mechanism for LINE-1 ORFs or recoded ORFeus-Mm adopts a different mechanism. 26 In human L1s, no such IRES has been identified, and the 3′-end of ORF1 as well as the inter-ORF spacer are dispensable for ORF2p translation. 25 Furthermore, successful ORF2p translation is independent of its initiation codon AUG and of ORF1p functionality but requires completion of an upstream ORF (though it need not be ORF1 specifically). 25 These properties of ORF2p are all in the context of the bicistronic transcript; when expressed as a monocistronic RNA from a conventional promoter, ORF2p is expressed at much higher levels. 23 Until recently, it was widely postulated that the L1 RNA was fully coated with ORF1p trimers, but this hypothesis had never been tested. 20 A previous study on mouse ORF1p showed that each trimer captures 50 nt of RNA. 29 Based on the length of the RNA and the properties of the ORF1p timer, 4 we calculated that a fully coated L1 RNA would contain as many as ~240 ORF1p molecules; 23 and were such to be the case, it would support a model of ORF protein expression including numerous rounds of ORF1p translation and only infrequent ORF2p translation. Evidence suggests that upon successful translation, ORF2p joins the L1 RNA to form an RNP in cis; 9, 30 therefore, it is conceivable that ORF2 RNA sequences may no longer be available for further translation upon RNP complex formation.
As little direct evidence of L1 stoichiometry exists, we assayed ORF protein abundance at both cell-population and molecular levels. Our results revealed an unexpected, stochastic pattern of ORF2p expression within cultured cells. Nearly all cells in the population expressed ORF1p in abundance, but within this seemingly homogenous cell population, the majority of cells (~70%) failed to express ORF2p. 23 In the remaining ~30%, ORF2p expression is robust. ORF1p expression levels were found to be comparable in both ORF2p-expressing and non-expressing cells, thus, no connection between the level of ORF1p and ORF2p expression was found. In contrast, an ORF2p-only construct driven by a canonical Pol II promoter is expressed in > 95% of cells. We confirmed these observations using both ORFeus-Hs and L1RP in HeLa and HEK293T cell lines transfected under varying conditions, suggesting that this pattern of expression may be an intrinsic property of the human L1 bicistronic RNA.
At the level of the purified proteins, we observed some differences in the complement of proteins exhibiting specific coenrichment with ORF1p and ORF2p. For example, TROVE2, known to bind to misfolded RNAs, and MEPCE, the 7SK snRNA methylphosphate capping enzyme 31 were only identified as specific interactors in fractions affinity purified by ORF1p. Given the broader expression of ORF1p within the cell population, fractions captured by ORF1p from whole cell extracts must contain an abundance of co-purifying material originating from cells not expressing ORF2p. These complexes from ORF1p-only expressing cells may either comprise a comparable subset of those present in ORF2p expressing cells or be distinct "non-functional" particles.
To directly examine the stoichiometry of ORF proteins in L1 RNPs, we established a two-dimensional affinity purification procedure. After first affinity purifying 3xFlag-tagged ORF2p from whole cell extracts, natively eluted complexes were subsequently further purified by ORF1p using an antibody against the native protein. Thus, in this tandem enrichment procedure we obtained a fraction of L1 particles i) containing an ORF1p population in physical association with the co-purifying ORF2p throughout the procedure, and ii) which was also separated from extraneous ORF2p. We evaluated the amounts of ORF1 and ORF2 proteins in these particles selected for the presence of both proteins. Measuring by image densitometry using two staining methods, the ratio was estimated at ~6:1-9:1, and by label-free mass spectrometry (iBAQ), 32 the ratio was estimated at between 27:1 and 47:1.
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In the first estimation only full-length protein signals were counted. The second estimation by mass spectrometry counts both full-length and fragmented proteins that fall below the level of detection by staining. Regardless of the method preferred, all values are much lower than the expected ORF1p:ORF2p ratio of ~240:1 if one assumes a single ORF2p per RNP. Potential explanations for this discrepancy include: the L1 RNA could form secondary and tertiary structure rather than being a linear molecule, and as such, the RNPs may not be fully coated by ORF1p; the overexpression of L1 may result in unnatural component stoichiometries; and/or L1 RNPs naturally contain > 1 ORF2p.
We assayed the lability of the ORF proteins in affinity captured particles after treatment with RNases and observed that ORF1p could be released regardless of the capture method. 23 These results suggest that a multiplicity of ORF1p trimers copurify in an RNase sensitive way, e.g., by decorating co-purifying RNA, and that the maintenance of interactions between ORF1p and ORF2p is also dependent upon the presence of RNA. In contrast, we observed that ORF2p-3xFlag in L1 RNPs immobilized on anti-Flag affinity medium was insensitive to RNase treatment, while other components of the RNP were RNase sensitive. 23 These contrasting data suggest that the behavior of ORF2p-3xFlag is consistent with the oneORF2p-per-RNP model. Nevertheless, these data do not exclude the possibility that multiple ORF2ps are incorporated within these RNPs and retained upon the capture medium through simultaneous direct affinity interactions, or that any released ORF2p-3xFlag is rapidly recaptured upon the affinity medium during RNase treatment.
Further study may be required to exclude the possibility that a biased or incomplete RNP was enriched in our tandem purification process. However, we noted that affinity purifying ORF2p-3xFlag from whole cell extract at a lower concentration of NaCl (300 mM as opposed to 500 mM) decreased both the yield of ORF2p-3xFlag as well as ORF1p without an apparent significant change in their relative ratios. 23 This demonstrates that a more thorough extraction was achieved at the higher salt concentration and that the stability of ORF1 was not noticeably affected, providing a higher total yield of complexes containing both proteins at a comparable relative ratio.
How host cells regulate the initiation of ORF2p translation, and the potential functions of any ORF1p-only RNPs, both remain unknown; but we speculate that these are related phenomenon. It is certainly conceivable that host defenses, trained on preventing L1 proliferation, include mechanisms specifically targeting ORF2p translation. This intriguing phenomenon is not yet remotely understood, and would be a worthwhile topic not only for those studying transposons but also for researchers working on eukaryotic translation mechanisms.
Detecting LINE-1 Elements: Differences between Native and Synthetic Constructs
In order to affinity purify LINE-1 RNP complexes we systematically tested various epitope tags at different locations of both ORFs from ORFeus-Hs. 23 To assess the biological impact of various tagging strategies, we employed a retrotransposition assay as a test of function because retrotransposition requires the activity of both proteins. 13 First we found that a single Flag tag, adding only 8 amino acids to the N-terminus of ORF1p, almost completely abolished L1 retrotransposition activity (0.2% of wild type). Since an N-terminus coiled coil domain is responsible for ORF1p trimerization, extra N-terminal tag sequence may disrupt proper trimerization, which is important to L1 activity. 4, 5 Compared with the N-terminus, the C-terminus of ORF1p tolerates tags. A single Flag tag had no effect on L1 retrotransposition and a longer tag of 48 amino acids including a flexible linker, TEV protease cleavage site, V5, 33 HA 34 and Flag 35 only decreased L1 activity by 2%. This tagged ORF1p was detected by western blot using V5, HA and Flag antibodies without difficulty. When we slightly increased the tag size by replacing single Flag with 3xFlag, L1 activity quickly dropped to 30% of wild type. But a similar 3xFlag at the C-terminus of ORF2p only had minimal impact to L1 activity. The 3xFlag tag is reported by Sigma-Aldrich to be 20-200 times more sensitive than other systems and this enhancement now makes detection of ORF2p routine. In a separate study on a different protein complex, we found that when the salt concentration was increased from 100 to 300 mM NaCl during affinity purification, single Flag signal is either completely or almost completely lost (by Coomassie staining and Western) whereas 3xFlag tagged protein was robustly purified in a high salt buffer. 36 We also attempted to tag both ORFs with a fluorescent GFP tag and found that this longer tag inhibited L1 retrotransposition by ~25% on either ORF1p or ORF2p C-terminus. ORF1p-GFP fusion exhibited strong signal in-cell by immunostaining, but a small yet significant population of free GFP was revealed by western blotting, suggesting a cleavage between ORF1p and the tag sequence (unpublished observation). When the linker sequence between ORF1p and GFP increased by 6 amino acids, L1 transposition dropped to 23% of wild type. ORF2p-GFP fusion protein was barely detectable in vivo by microscopy or in vitro by western blotting.
Interestingly, native LINE-1 (L1RP) behaves differently when the same tag sequences were placed at the same location relative to the ORFs. For example, the 48 AA multi-tag (V5, HA, Flag) at the C-terminus of ORF1p reduced L1RP activity by more than 30%, which was deemed unsuitable for further study. 23 Similarly, the 3xFlag tag, successfully appended ORF2p in the in ORFeus-Hs construct, was only compatible with ORF2p expressed from L1RP once the linker region was reduced by 2/3. We speculate that the differential sensitivity of L1RP and ORFeus-Hs to tag sequence is most likely due to different expression levels, but cannot rule out effects due to RNA structure or sequence-specific binding elements.
Utilizing the epitope tags, we analyzed the sub-cellular localization of both L1 ORFs. Similar to several previous studies, we observed that both ORFs are epredominantly cytoplasmic. Although the presence of active retrotransposition in these cells demands that ORF2p must be in nucleus at a certain stage of the L1 life cycle, this population was not observed. 23 In contrast, the literature documents several cases in which both ORFs were detectable in both nucleus and cytoplasm. 21, 22 The difference may also be due to different sensitivity or cross reactivity of various antibodies, or to different behavior of endogenously expressed proteins vs. overexpressed proteins. Notably, when a massive overexpression system using a modified vaccinia virus/T7 RNA polymerase was used in HeLa cells, 21 a very different pattern was observed than with the lower level of overexpression in our studies. 23 In depth comparison, immunostaining and live cell imaging analysis are needed to better understand how L1 ORFs travel in the cell. An additional possibility is that the localization of the two ORFs may be cell-cycle dependent. Mitotic cells are poorly retained through most 2D immunofluorescent staining protocols due to reduced adherence, and cell division is required for L1 retrotransposition. We summarize the detection of L1 encoded ORFs in Table 1 .
Synthetic vs. Native L1: Sequence and Context Dependent Expression Differences
The variable impact of these sequence insertions may reflect context-dependent expression differences between synthetic and endogenous L1s. By lowering adenosine content to 25% and codon optimization, a synthetic mouse LINE-1 element (ORFeus-Mm) displayed a > 200-fold increase in retrotransposition frequency. Using the same strategy, a synthetic human L1 (ORFeus-Hs) was generated based on the L1RP sequence, resulting in a ~40 fold increase in RNA and ~3-5-fold increase in ORF1p. 17 The 3xFlag tag allowed us to quantify the ORF2p expressed from ORFeus-Hs, which is ~40 fold of that from L1RP. In contrast to the drastic increase in retrotransposition frequency observed for ORFeus-Mm, ORFeus-Hs retrotransposes at essentially similar levels as L1RP (which is also comparable to that of ORFeus-Mm).
An explanation for the failure to observe increased transposition frequency when expressing L1 from ORFeus-Hs, as compared with what was obtained with expression from ORFeus-Mm, is a different baseline activity level: while both synthetic constructs transpose at similar levels, L1RP already actively transposes in cell culture based assays with an absolute efficiency of ~10-15% in HEK293T cells or ~5-10% in HeLa cells, as monitored by a GFPAI marker, 17 whereas the baseline activity of mouse L1 is ~0.1%. As mentioned above, we observed that in any snapshot in time, only ~30% of the cells transfected with L1 expression constructs expressed both ORF1p and ORF2p and the remainder expressed ORF1p only. 23 If these cell populations are stable, meaning that cells that fail to express ORF2p do not regain this ability later, this may account in-part for the limitation in retrotransposition frequency, but cannot account for all of it.
As indicated by mfold, 40 the extensive recoding of native human L1 during the construction of ORFeus-Hs most likely changed any specific sequence motif or RNA structure (secondary or tertiary) that may have resided within L1RP coding regions. In mass spectrometry-based proteomic experiments aimed at identifying stable constituents of L1 RNPs we identified comparable sets of proteins for both ORFeus-Hs and L1RP RNPs. This argues against gross differences in the synthetic and WT particles as a result of sequence specific protein interactors with RNA (at least among the most stable constituents). Additionally, the L1RP constructs contained the 5′UTR, whereas the ORFeus-Hs constructs did not, similarly arguing against sequence-specific binding partners in this region of the RNA. Therefore, it is plausible that the L1 life cycle is driven primarily by the L1-encoded ORFs, their binding partners, and RNA sequence/structure insensitive binding proteins, but we cannot exclude the existence of sequence/structure-specific hostencoded nucleic acid binding partners.
Though synthetic and native L1s formed similar RNP complexes, interesting differences exist. As mentioned earlier, epitope tags that behaved well in the ORFeus-Hs context didn't necessarily work efficiently in the L1RP context. It has been suggested that the abundance of certain tRNAs, local mRNA structure, and translation rate all possibly affect the overall folding, activity and turnover rate of final polypeptide product. [41] [42] [43] [44] [45] [46] [47] It is known that transient translational pausing or ribosomal attenuation aids cotranslational folding. We observed that an ORFeus-native chimera L1, containing 3/4 synthetic and 1/4 native coding sequence within ORF2p, acquired higher transposition efficiency (1.4-fold) than fully synthetic L1. 17 Since the native L1 sequence contains rare codons, which are absent in the codon-optimized ORFeus-Hs, it is conceivable that slowing down of ribosomes near the end of ORF2p translation may help assure the correct folding of ORF2 protein or better engagement of ORF2p to L1 RNA. This could lead to a higher retrotransposition frequency for the chimeric L1 element. While the 3′ UTR sequence is dispensable for L1 activity, we observed that the endogenous 5′ UTR sequence may affect L1 activity, especially for native L1. When L1 sequences were driven by a CMV promoter without the 5′ UTR, L1RP transposes at a lower frequency (~1/3) compared with ORFeus-Hs, but transposes at a similar level when the 5′ UTR was included in the constructs, in either the presence or absence of CMV promoter. 17 So it is possible that there is some positive "crosstalk" between 5′ UTR and native coding RNA sequence that is absent from in ORFeus-Hs.
Summary and Conclusions
Routine detection of LINE-1 ORF2p has been a major challenge in the field due to the difficulty of generating reliable antibodies. Epitope tagging with 3xFlag facilitates this goal by its high sensitivity and small size, without adversely affecting human L1 retrotranposition activity. We believe that a comparable tagging strategy is likely applicable to ORF sequences from other species. Synthetic L1 elements have further aided this situation by significantly enhancing the L1 expression level and providing a point of comparison to endogenous L1s, together advancing our understanding of the fundamental properties of this active "jumping gene" that has contributed > 20% of our genome. 48 The ability to affinity purify highly active L1 RNP complexes has allowed us to catalog its composition, assess functional relationships between constituents, and will enable additional assays targeted at biochemical and structural characterization of L1 transposition pathway. The ability 38 This will allow us to test which L1 RNP constituents affect the remaining complement of proteins' abilities to co-purify with the L1 RNP, as well as to assay effects on retrotransposition activity in vivo and in vitro.
One mysterious step in the L1 life cycle is TPRT, which is mostly hypothesized based on the similarity of L1 structure to another non-LTR retrotransposon -R2 element, and because it explains the phenomenon of target site duplication. 12 Previously full-length L1 ORF2 protein could only be obtained as a purified fraction from insect cells, and only inefficiently catalyzed a TPRT reaction in vitro. 11 Furthermore, though it displayed active reverse transcriptase activity, endonuclease activity was not detected until a partial proteolytic digestion was performed. 11 Our affinity purified RNP complex contains high RT and LEAP activity and it will be very interesting to compare ORF2p EN function from both sources. We expect to be able to perform a more efficient in vitro TPRT reaction on account of the quantity and purity of the L1 RNP complex we can obtain by our recently described methods. 23 It has been hypothesized that excess retrotransposon activity in testicular germ cell tumors amplifies DNA damaging effects of chemo/radiotherapy and is the reason for their high sensitivity to therapy (Lisa Cheng Ran Huang, personal communication). We believe that a comparable approach should be applied in other cell-types such as germ line, stem cells and cancer cells, where LINE-1 has been found to actively transpose, 13, 49, 50 such data are certain to support important hypotheses pertaining to L1 function in carcinogenesis and pluripotency/cell differentiation.
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